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Oxidation of Ti,4+;AIX,, (n = 1-3 and X= C, N)
II. Experimental Results
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Department of Materials Engineering, Drexel University, Philadelphia, Pennsylvania 19104, USA

In this, Part Il of a two-part study, the oxidation kinetics in air of the ternary compoun@dCli Ti,AIC, Ny s TisAIN, o and
TizAIC, are reported. For the first two compounds, in the 1000-1100°C temperature range and for shott~@@ds the
oxidation kinetics are parabolic. The parabolic rate constantk,afm?s) = 2.68 X 10° exp — 491.5 (kJ/mol)RT for Ti,AIC,

and 2.55x 10° exp — 458.7 (kJ/mol)R T for Ti,AlC, Ny 5. At 900°C, the kinetics are quasi-linear, and up to 100 h the outermost
layers that form are almost pure rutile, dense, and protective. For the second pair, at shdr:fithégthe oxidation kinetics are
parabolic at all temperatures examingD0-1100°C), but become linear at longer times. Kyevalues are 3.X 10° exp

— 429(kJ/Imo)RT, for TiAIN, 4 and 1.15x 10° exp — 443(kJ/mol)RT for Ti;AIC,. In all cases, the scales that form are
comprised mainly of a rutile-based solid solution,(TjAl,)O, _,,, wherey < 0.05, and some AD;. The oxidation occurs by the
inward diffusion of oxygen and the outward diffusion of Al and Ti. The C and N atoms are presumed to also diffuse outward
through the oxide layer. At the low oxygen partial pressure side, thieihs dissolve in and diffuse through the {TjAL)O,_y 1o

layer and react with oxygen to form &b, at the high oxygen pressure side. This demixing results in the formation of pores that
concentrate along planes, especially at longer times and higher temperatures. These layers of porosity impede the diffusion of Al,
but not those of Ti and oxygen, which results in the formation of highly striated scales where three layergDaricAl a
TiO,-rich, and a porous layer repeat multiggle10) times. The presence of oxygen also reduces the decompaittoriTiX, and

Al) temperatures of JAIN, ¢ and TEAIC, from aT > 1400°C, to one less than 1100°C.
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In this, Part Il of a two-part studywe report on the oxidation in  (halance TiQ), followed by a TiG-rich (balance AJO,) layer. This,
air in the 800-1100°C temperature range, of the ternary compoundg turn, is followed by an O embrittled alloy layer.
TiLAIC, TiLAlCasNg s Ti4AIN, o and TEAIC,. Since this is the first Since the ternary compounds studied in this work do not dissolve
report on the oxidation of these compounds, there are no previousxygen, comparing the parabolic rate constants calculated from
results with which to compare; it is thus instructive to review the weight gain measurementk,,, with those calculated from oxide
oxidation behavior of some related solids such as Ti, and somdilm thicknessesk, , is problematic. To circumvent this problem, the

Ti-aluminides such as TiAl, TAl, and “Ti»Al,” which is a two- k, values reported in this paper taken from the literature were cal-
phase mixture of the first two. The oxidation of;$iC, 2 was culated directly from micrographs shown in the various references
briefly reviewed in Part {. and/or when the thicknesses of the oxide layers when explicitly

The oxidation of pure Ti in the 600-1000°C temperature range isgiven. For example, Unnaat al.” measured the TiQfilm thick-
parabolic®” In this temperature range, individual rutile Ti®yers nesses on commercial Ti after their exposure in air in the 593-760 °C
form that range in thickness from 1 top8n depending inversely on  temperature range and deduced that
temperaturé:’ These stratified layers tend to spall off periodically.
Simultaneously with the formation of a TjOscale, substantial
amounts of oxygen dissolve in the Ti substrate. The same is true for
the Ti-aluminides; most, but especially the ones for which the Ti:Al The aim of this paper is to report on the oxidation behavior of
ratio is around 2:1, dissolve substantial amounts of oxygee  Ti,AIC, Ti,AlC,sNgs TizAIC,, and TiAIN,, in air in the 800-

ke (m?s) = 1.4 X 10 %exp— 231,176(kJ/mo)/RT  [1]

below). 1100°C temperature range. The results are discussed in light of the
It is well established that the oxidation behavior of Ti-Al inter- model presented in Part knd compared to those of relevant Ti-

metallics is strongly dependent on the aluminum corftéAtTypi- aluminide intermetallics.

cally, ~60 to 70 atom % Al is required in binary Ti-Al alloys to )

form continuous alumina, AD; scales in aif. In pure oxygen, the Experimental

Al content needed is lowér'® For concentrations that are less than Al of the samples were fabricated by reactively hot isostatically

50 atom %, both Ti@and ALO, form#*! The scale morphologies Pressing, — various — powder — mixture  combinations  of

that form are similar to the ones observed in this work, namely, Tl TiH2, Al4C5, C, AIN, and/or TiN to yield the desired stoichi-

stratified multilayer scales. The layers that form, from the outside in,0metries. The sources and purities of the powders used in this work

are typically TiQ,/Al ,Ox-rich layer/TiO, + Al,O4finternal oxides. 2{;\,\','%‘3%4_'12 Table I. The processing details can be found
In general, the oxidation resistance ogAliin air, or oxygen, is - .

quite poor at temperatures greater than 859%&At lower tempera- For the THAIC, o5 and TLAIC phases, henceforth referred to

¢ d shorter i th | dominatel d of TIO as the 211 phases, the powders were mixed, cold pressed, and sealed
ures and shorter ime, the scales, predominately composed gt 11V yqar yacuum in Pyrex tubes. The latter were then placed in a hot

are adherent. Above 850°C, the scales tend to be loosely adhereflogajic press, and heated at 10°C/min to 850°C and held at that
and spall off. Royet al.™ have shown that the oxidation kinetics in o mperature for 30 min. The chamber was pressurized with Ar to
the 725-1025°C temperature range, especially at short timgd), ~25 MPa, the heating resumed at the initial rate, at which time the
are reasonably well described by a parabolic law. The authors als%ressure increased te:40 MPa. The TAIC,Nys and THAIC

noted that the oxidation resulted in a scale in which thigO§rich  samples were processed at 1300°C for 15 and 30 h, respectively. The
layers alternate with TiQlayers; a layering that introduced porosity final grain sizes were of the order of 328m in both cases. The

in the reaction scales. Welsch and Kahvéwive shown that when a

Ti-26 atom % Al sample is oxidized in dry oxygen,. four Iayers 2This expression is calculated from Eq. 11 in Ref. 7, and includes the factor of 2
formed: an external TiQlayer, followed by an AJOs-rich layer used in Eq. 4 in the definition d, .
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Table I. Characteristics and sources of powders used in this work.

Purity Particle
Powder (%) size Source Composition in wt %
Ti 99.46 —325 mesh Ti Powder Specialists, C = 0.03, Fe= 0.04, Si= 0.02, N=
Sandy, UT 0.03, 0= 0.17, Cl= 0.12, H= 0.034
TiH, 99.3 —-325 Timet, Henderson,
for Ti,AIN4 NV
Cc 9 dp=1-2pm Aldrich Chemical,
Milwaukee, WI
Al,Cs 99 —325 Cerac,
for TizAIC, Milwaukee, WI
Al,Cy 99.7 dp, = 10um Alpha Aesar, C = 25.57; Ca, Cu, Mn, Ti, Ni, V,
for 211 Ward Hill, MA Zr < 0.01; Co= 0.09; Fe= 0.08;
Cr = 0.04; Mg< 0.001; Si= 0.1
TiN 99.8 2.5-4um Alfa Aesar, Ward N = 32% minimum
Hill, MA
AIN 98.9 dy, = 3.8pum Alpha Aesar, N =332, 0=11,
Ward Hill, MA C = 0.08, Fe= 0.09

aAccording to manufacturers specifications.

samples were fully dense and predominantly single phase. In botithese reactions assume that the nonmetallic elements diffuse
cases;~4 vol % impurity phases that contained O and P were de-through the reaction layers and oxidize. The exact nature of the gas

tected. More details can be found in Ref. 14. that forms is unknown at this time; the assumption that they arg NO
To fabricate the BAl,1C, g samples, Ti, AIC;, and C were  and /or CQ is made here in order to balance the reactions.
mixed to yield a final stoichiometry of JAl, ;C, g The green bod- The molar volumes of FAIC,™* Ti,AIC,Nys™ TiO, and

ies were sealed under vacuum and hot isostatically presHéy at AlLO; are 32.86, 32.32, 18.57, and 26.14%mol. Thus, the volume

1400°C for 16 h under a pressure o70 MPa. The final grain size changes for Reactions 2 and 3 ar&93 and+196%, respectively.

was of _the orde_r Of 3Gum. The samples were fully d_ense,_ and It is thus not surprising that the oxide layers that form are, for the
predominantly single phase, with4 vol % of Al,O; as an impurity st part, dense and protective.

phase. Further details can be found in Ref. 15. Recent microprobe e time,t, dependencies of the oxide layer thicknesseshat

a_nalysis of this composition indicated that the final chemistry is¢) 1 TLAIC and THAIC, N, s at various temperatures are plot-
TizAIC, . . . . ) ted in Fig. 2a and 3a, respectively. A comparison of the two figures
The processing details for the N, samples are described jngicates that HAIC is more susceptible to oxidation than
el_sewheré. In 'brlef powder compacts of Tij TiN and AIN were Ti,AIC,:Nos The exponentn, of the best power law fit to time,
mixed, dehydrided, and reactively HIP at 1275°C for 24 h under 8 e t" is shown on the grapisFrom these values af, one can
pressoure of 70 MPa. This was follqwed by a fur_ther anneal in Ar alconclude that at 900°C, the oxidation kinetics are neither parabolic
1360°C for 168 h. Phasﬂg analysis showed TiN andOAlwere  hor jinear, but that at the higher temperatures, the kinetics are para-
pk:esent_ ml T%Or ?rnrﬁoun d'TEe measured de_nsiy V;aso'% of  polic for both compounds. This was verified by plotting the thick-
theoretical(4.77 g/cm) and the grains were in the 20 to 3m ness squareds.t (Fig. 2b and 3b). The parabolic rate constakys,

6
range. were fit to the expression
Prior to the oxidation runs, the samples were rough polished P

using 600 grit SiC grinding paper, placed on a Pt mesh, heated to the
oxidation temperature a_t 10°C/min _fOI’ a predetermlned time, a_nd b The exponents were determined from log-log plotxafs. t. Once the exponents
furnace cooled. The oxide layer thicknesses were measured in @ere determined, they were used to draw the lines shown in Fig. 2a and 3a.
scanning electron microscog8EM) (Amray 1830), equipped with
an energy dispersive spectroscdgpS) system for chemical analy-
sis (LINK ISIS, Oxford Instruments, EnglandThe phases formed L L A S A A AL I ML AL ) B B
upon oxidation were determined from X-ray diffractidiXRD) . o TiO,
spectra of crushed surface layers. o ALO

23

Solid solution

¢ ® R
N T

Results and Discussion

TiLAIC and TLAICysNgs—The XRD spectra of the layers that
form as a result of the oxidation of JAIC and TLbAIC:Ng 5 in air
at 1100°C, for 4 h are shown in Fig. 1. The major peaks correspond
to TiO, and ALO;, with the intensity of the former being greater. No
evidence for titanium aluminate was found even after oxidation at"

ty (arbitrary units)

7 .
1100°C for long times. Similar XRD patterns were found at the § . . Carbide
other temperatures as well. Based on these results, the most likel,& ]
overall oxidation reaction for JAIC is A:JL 1\& : “ ¢ : N -
A b | A ]
Ti,AIC + 3.75 2TiO, + 0.5AL,0; + C 2
'2 G — 2T, 23 e [ 20 30 40 50 60 70 80

Similarly, for the solid solution 26

Ti,AlCy Ny s + 3.750, — 2TiO, + 0.5AL,05; + 0.5 CO, + NO,) Figure 1. XRD spectra of reaction layers that form on oxidation ofAIC
[3] and THAIC, 5N, 5 in air at 1100°C for 64 h(®) rutile peaks () Al,O.
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Figure 2. Time dependence of oxide thickness, formed on TJAIC 0 25 50 75 100
samples as a function of temperature and plotte@ps vs. t. Solid lines are
plots ofx = Kt", wheren was determined from least-squares fits of xogs. Time (hl‘)

logt plots; (b) x? vs. t. Typical error bars are shown.
Figure 3. Time dependence of oxide thickness,formed on TJAIC, Ny 5
samples as a function of temperature and plotte@ps vs. t. Solid lines are
x2 = 2kt [4 plots ofx = Kt", wheren was determined from least-squares fits of}ogs.
logt plots, (b) x? vs. t.

The results are listed in Table | in Part Arrhenius plots ofk, for
Ti,AIC and TLAIC, 5Ny 5 are shown in Fig. 4a. A least-squares fit of
the experimental results yields
2/ _ 5 (denoted by corner arrolsThe original sharp corners of the
ki (m/s) = 2.55X 10 exp — 458,766/RT [5] sample are clearly visible and decorated by@\l Four layers can
for Ti,AIC, and be identified. An external layer that EDS indicates is JJitD which
some ALOj; stringers are apparent. A thin darker layer that contains
ke (M?/s) = 2.68% 10° exp — 491,515/RT [6]  some TiQ, but has a high volume fraction of b5 follows. The
next layer is mostly Ti@, in which some Al* ions are dissolved,
for Ti,AlC(sNos The corresponding activation energies are 458.7 e, (Ti;—yAl,)O,_y, with y < 0.05. An innermost layer, which is
and 491.5 kJ/mol. Also included in Fig. 4a are tevalues for the  slightly darker and has the appearance of a stain, is once again a
oxidation of T7 (Eq. 1), TbAl,®® and TiAL%** Not surprisingly, the  two-phase mixture of AD; and (Ti_,Al,)O, ,;,, but at a finer
ky values of the ternaries are comparable to those of the intermetalscale that the previous 4Ds-rich layer. A comparison of the order
lics. of the layers and their morphologies indicate that this system is in
A typical backscattered SEM micrograph of the cross section ofstage Il, described in Part |. The layers correspond, respectively, to
a TibAIC, sNg s sample oxidized at 1040°C for 16 h is shown in Fig. layers A through D shown in Fig. 1b in Part I. For the sake of
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Temperature (°C)
1100 1000 900 850
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o (a) . X (m?*/s)
] T12A1C0.5N0'5
28 | o TiAlC 1 69x10°13
B TiAl; Ref. 9
2 30 @ "Ti,Al"; Ref. 9 03 x10-14
£ - . -1 2.3 X107
a b ©® "Ti,Al"; Ref. 10
g RN ]
9 N
< 32 | N . q13x10°14
= N\ Commercial *
S N Ti,Ref.7 : Orlgmlal
N ~ ~ _ 15 sample
-34 LL” RN 1.7 x10 (Ti, .AL)O l — dimensions
~—V @ N 1y y)O2y2
TiAlL; Ref. 11 N N
Y R ——— Figure 5. Secondary SEM micrographs of,MIC 5Ny 5 sample oxidized in
0.000 0.0008 0.0009 0.001 air at 1040°C for 16 h. The arrows mark the original sample dimensions.
T (K)'l Note that original sharp corners of sample are still visible.
25 1100 1000 900 850
- T T T T 2
by AThALRef.13 K (M)
[N 'T-l'%Alf Ref. 9 3. The outermost A layers increase in thickness fret80 to
i VTi-34Al: Ref. 9 o . .
~180 um with time. This fact alone unambiguously and conclu-
\S . 1 sively proves the Ti ions are diffusing outward. Furthermore, the Al
A -a— . ~ y p g )
— -30 \ TisAl +5Nb: ] 93 x10-14 signal in these layers increases substantially with time. Again, this is
(\\lw i ( N Ref. 13 . a result that could not have occurred without the dissolution and
g [ AN reprecipitation of A¥* ions within the A layers.
~ - Tip,AlCy sNg s 4. Similarly, the layers labeled C and D increase in thickness
. - . 1 from ~100 to ~400 wm, proving that oxygen diffusion inward is
£ 35 Ti,AIC 4 1.6 x10°15 occurring. It is important to point out that layer C does not contain
N 1 Al,O; precipitates. EDS indicates that the Al concentration is low
Tl4‘1‘1N3- (mole fraction~0.01) and more or less constant across this layer.
This is compelling evidence for both the outward diffusion of the
5 ! Al®* ions, and their precipitation as & particles at the high oxy-
/T QL A AP I s 42 10718 gen partial pressure side, confirming the notion of demixing dis-
0.000 0. 0.0009 0.001 cussed in Part I. More compelling evidence for demixing is pre-
1 sented below.
UT (K) 5. The origin of the porosity observed in the micrographs is

] ) ] ] believed to be the continual outward diffusion of thé"/Alons as a
Figure 4. Arrhenian plots of parabolic rate constanta) For Ti,AIC and result of demixing. More evidence is discussed below.
Ti,AIC, Ny s Also included in the plot are results for commercial "Ti, Figure 8a is a SEM micrograph of a carbide sample oxidized at
TipAl, #1° TiAl. ** The k, values for the intermetallic compositions were for g40o¢ for 96 h. The corresponding Ti and Al maps are shown in Fig.
th.e most part ?alcu'amd from m'crografhs in the original referens. 8b and c, respectively. Qualitatively, there is little difference in the
Ti4AIN, o and TEAIC,. The data at 1100°C were excluded from the least- equence of the lavers formed at 900°C and those formed at 1100°C
squares fit represented by the bold solid lines. Also included for comparisor‘? q 4 o
are thek, values obtained from the literature for /&l %% and the (Fig. 6 and ,7)' The outermost layer at 900°C, however, has a much
211’s shown in a. weaker Al signal than the ones formed at 110@¢6mpare Fig. 6¢
or 7c with 8c). Furthermore, at 900°C, there are ngljlstringers.
Both observations can be taken as indirect evidence that the solubil-
ity and/or diffusivity of AP* ions in TiQ, is significantly lower at
consistency and to avoid confusion the labeling of these layers i©00°C than at 1100°C. As discussed below, Fig. 5-8 can be used to
identical to the one shown in Fig. 1 in Part I. _ estimate the diffusion coefficients of Al in TiO
. Figures 6a and 7a are backscattered SEM micrographs of two the SEM micrographs for the oxidizedMC samples in the
Ti,AICo sNo s samples oxidized at 1100°C for 2 and 16 h, respec-990.1100°C temperature range are similar to those shown here for
tively. The_respectlve Ti maps are §hown in Fig. 6b and 7b; the Al Ti,AIC, eNo s and are not shown for the sake of brevity.
maps in Fig. 6¢ and 7c. Here again, four layers, A-D, are clearly "=, o502 rison of the microstructures shown in Fig. 5 to 8, to the
pllstlngylshabl_e. Comparing the two sets of micrographs, the fOIIOW'schematic diagram shown in Fig. 1 in Pattit,is clear that in all
|nglsallent|.tp(:.|ntsl can (;)% nt]?de'th byi diff . i cases the system is in stage Il. In these ternaries, however, the layer
io Qut’%l ailve Y, ?n ] ut for eho vious 'tl efer.‘lces N magnifi- ¢ horosity at shorter times either does not form, or, more likely, has
ca ;)n_?l'q e.d"t"; Sfetl‘? oAlm]cLogra% SI are %w € simifar. tin Fi sintered shut. The fact that the oxidation kinetics are still parabolic
- Ihe widih of the Al-rich band, fayer B, more apparént In Fg. o4q, go h(Fig. 3) at 1040°C indicates that the layer does remain

7c than in 6c, increases from20 pm to ~60 wm with increasin : ) .
time. The same is true of the Al s%nal' itis stprtonger at longer ti?nes protectc;vef. However, at longer times and at the highest temperatures,
' ! ‘pores do form.

This could not have occurred without the outward diffusion ot'Al
ions through the Ti@rich layer, viz., the C layer. Ti,AIN;.—XRD of the reaction scalegot shown)that form
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Figure 7. Cross-sectional SEM micrographs of aAlC, 5Ny 5 sample oxi-
dized in air at 1100°C for 16 Ha) Backscattered modéb) Ti map, (c) Al
map.

Here again, the N is assumed to diffuse through the reaction layers
Figure 6. Cross-sectional SEM micrographs of aAlC, N, sample oxi-  and oxidize. The molar volumes of ;AIN;'® and TLAIC,™ are,
dized in air at 1100°C for 2 ha) Backscattered modéb) Ti map, (c) Al respectively, 61.31 and 45.8 &mol. Hence, the volume changes
map. upon oxidation are of the order 150% which, theoretically, should
result in a dense and protective scale. The reason that is not the case
is discussed below.
upon the oxidation of TAIN are similar to those shown in Fig. 1. The time dependencies ofthat form on TjAIN, ¢ at various
Based on these results, the most likely overall reaction for the oxi-temperatures are plotted in Fig. 9. Initially, and up to abeli h at
dation of TLAIN; is 800, 900, and 1000°C, and up te9 h at 1100°C, the kinetics are
) ] reasonably well described by parabolic kinetics. This is shown in
2Ti,AIN3 + 15.5 Q; — 8TiO, + Al,O3 + 6NO,  [7]  Fig. 9a and b by the dotted lines, which were drawn by first least-
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Figure 9. Time dependence of layer thickness, formed on TJAIN, 4
samples oxidized afa) 800 and 900°C, andb) 1000 and 1100°C. The
dashed lines represent Eqg. 4 in text, plotted usipyalues obtained from
least-squares fits of? vs. tcurves(not shown)at short timeg<20 h).

tal scatter, the agreement between the two sets of results is reason-
able, especially at shorter times. At longer times, the kinetics are
clearly no longer parabolic, but are more or less linear. It is worth
noting that it is possible to obtain a better fit of the results shown in
Fig. 9b at longer times, but at the expense of the fits at shorter time.
However, since the microstructural observations are more in tune
with a system in which the kinetics are parabolic at short times, the
analysis described above was adopted. The correction is small, how-
ever, and does not affect any of the conclusions reached herein.
A least squares fit of Arrhenius plots of theg results yields the

Figure 8. Cross-sectional SEM micrographs of aAlC,Ngs sample oxi-  following relationships for T/AIN; g
dized in air at 900°C for 96 ha) Backscattered modéb) Ti map, (c) Al
map. 429,607(kJ/mol)

k, (m?s) = 3.2 X 10°exp — =T [8]

squares fittinge? vs. tplots to determiné, at times less than 20 h.  which is plotted in Fig. 4b. For reasons discussed below, namely, the
Once thek, values were determined, the time dependencies of dissociation of TJAIN, o, the datum point at 1100°C was excluded
were replotted on Fig. 9 as dashed lines. Considering the experimerfrom the least-squares fits.
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A series of backscattered SEM micrographs all taken at the same
magnification, of samples that were oxidized at 900°C for 0.5, 1,
and 2 h are shown in Fig. 10a-c, respectively. The following obser-
vations are noteworthy.

1. After 0.5 h(Fig. 10a), the oxidized layer is more or less com-
positionally uniform and is physically separated from the substrate
by a gap extending parallel to the substrate/oxide interface. The
origin of this gap must be the rapid outward diffusion of the cations.
In other words, this gap forms as a result of the coalescence of
vacancies resulting from the Kirkendall effect. This feature, in
agreement with Part,is henceforth referred to as the P layer or
plane.

2. After 1 h(Fig. 10b), compositional differentiatiofwhere the
outermost layer is Ti@rich, followed by an AJOs-rich layer fol-
lowed again by a Ti@rich one followed by a gapjs apparent.
These layers correspond, respectively, to layers A, B, C, and P in
Part I The P layer is now wider and has moved inward. The latter
observation alone is compelling evidence that sintering must be oc-
curring during the oxidation process. This is best seen by comparing
Fig. 10a and b. The gap that formed in Fig. 10a and is still partially
visible in Fig. 10b, but is being “filled” by A}O; particles must
occur by a reaction between the outward diffusing cations and the
inward diffusing G~ ions. The rapid outward diffusion of the cat-
ions leads to the formation of another gap roughlyr@ below the
surface(Fig. 10b).

3. After 2 h(Fig. 10c), not only are the three layers much more
clearly defined, but they all have increased in thickness. The original
gap formed in Fig. 10a has almost disappeared, and the second gap
has gotten wider, and is no longer a clearly defined gap. Instead it is
an area of high porosity, which is reminiscent of a collection of
particles in the process of sintering. These particles most probably
form as a result of a reaction between the inward diffusifg ions
and the outward diffusing cations. However, since the Al diffusion is
much more rapid, it tends to concentrate in the B layer nearest the
surface. Note that the diffusion of Al in the outermost layer, A, is
significantly slower than its diffusion in the C layer. For example,
from Fig. 10c, the characteristic diffusion distance for thé*4bns
in the C layer is~10 um, in, at most, 2 h. In contradistinction, there
is very little Al signal in the A layer in the same time span.

4. After 64 h at 900°C(Fig. 10d), four layers, A, B, and C
together with a P layer, are now clearly discernable. In contrast to
Fig. 10a-c, Fig. 10d was taken in the secondary mode in order to
emphasize the morphology of the various layers. Layers A, B, and C
to the right of the P plane are relatively dense; the C layer to the left
of the P plane, however, is quite porous. The Al signal, as deter-
mined by EDS scan@ot shown)is strongest at B, and in and near
the P layer.

After 16 h of oxidation at 1000°C, the layers are now signifi-
cantly thicker,(Fig. 11a and bjut their order is similar to those at
900°C (Fig. 10d). Note that the P layer is now significantly deeper
within the oxide layer, and much closer to the substrate/oxide inter-
face. Relative to the outermost layer, the other layers are porous
(Fig. 11a). At 1000°C, there is no layer that corresponds to the
porous C layer to the left of the P plane shown in Fig. 10d. Oxidiz-
ing at 1000°C for 64 h results in the morphology shown in Fig. 11c,
where two P planes are obvious. The outer P plane is now a clear
demarcation line between layer C, and a new layer, which is a two-
phase intimate mixture of AD; and TiO,. This layer was labeled D
in Part I. An important characteristic of the transition is that, while
the T*" ions and G~ continue to diffuse across the P layers, for
some reason the Al ions do not. The evidence for this is obvious
by comparing Fig. 11a and c: increasing the oxidation time from 16
to 64 h increases the thickness of the A layer freth00 um to 216
pm and creates the D layer, but does not change the thickness of the
B layer that remains at50 wm. The reason for the transition from  gjgyre 10. Backscattered SEM image of the oxide layers that formed after
stage Il to stage llli.e. Fig. 11b-c, is not clear at this time. oxidation of TyAIN 54 at 900°C for(a) 30 min, (b) 1 h, (c)2 h. Gap present

Here, it is useful to think of the B layers as the repository of all in a and b is being filled,e., sintering is occurring in ¢d) Secondary SEM
the Al ions that are swept out of the C layers. In all micrographsimage of sample oxidized at 900°C for 64 h.
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Figure 11. Cross-sectional SEM micrographs of a,AIN, 4 sample oxi-

dized in air at(a) 1000°C for 16 h(secondary modeshowing porosity(b)

backscattered mode showing layeririg) 1000°C for 64 h(backscattered  Figure 12. Cross-sectional SEM micrographs of a,AlN,q sample oxi-

mode)showing the formation of more layers. dized in air at 1100°C for 64 Ha) Backscattered modéb) Ti map, (c) Al
map. Dark stained area near substrate/oxide interface is dissocigd¢id J§
(see also Fig. 17).

shown herein, the B layers are always associated with C layers of

comparable thicknesses adjacent to them on the Iwyzeside(i.e., paring the Al signal in the outermost layers in Fig. 11c and 12c, it is

closer to the substrate side obvious that higher temperatures induce thgQAlto migrate out-
After 0.5, 1, and 2 h at 1000°Chot shown), the oxide scales, ward,i.e., toward the air/oxide interface.

while thicker, are morphologically quite similar to those at 900°C.  In addition, adjacent to the substrate, a stain-like layer is appar-

The gap however, is less pronounced at 1000°C. After 2 h the Cent. This layer is a two-phase mixture of Tilnd Al, the origin of
layer is~50 pm thick, quite porous, and similar in morphology to which is the dissociation of JAIN, ¢ according té®
the C layer shown in Fig. 10c.

Oxidation of TLAIN, o for 64 h at 1100°C, results in a striated Ti4AIN, g — TiNg 7o + Al (9]
microstructurgFig. 12). The order of the layers, from the air/oxide
interface inward is Awith Al,O3 stringers)/C/B/C/P/C/P/C/D. Com- The oxidation then presumably proceeds by the oxidation of the Al
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and TiN, separately. The . ;AX,, phases do not melt, but peritec-
tically decompose into the MXcompound and the A group
element:>!® The decomposition temperature is a function of
impurities® In Ar, the dissociation temperature of N, is in
excess of 1400°¢% Based on the results shown here, oxygen appar- 40
ently reduces that decomposition temperature to somewhere be
tween 1000 and 1100°C. The same is also true fgAlO, (see
below). This decomposition, for reasons that are not understood, it
believed to reducé, compared to what it would have been had
there been no decompositidRig. 4b, top left). It is for this reason
that the 1100°C datum point is not included in calculating khe
values for TJAIN , o

50 AL T LI LN NS LI LR LN NN RS LS B L

(@)

30

20

Oxide Thickness (pm)

Ti,AlC,—Based on XRD of the reaction scalg®t shown)the
most likely overall oxidation reactions for JAIC, is

2Ti;AIC, + 11.5 O — 6TiO, + Al,O; + 4CO,  [10] 10

Thex vs. tcurves for TRAIC,, subject to an analysis identical to
the one used to generate Fig. 9, are shown in Fig. 13. Here again, th 0
kinetics appear to change from parabolic early on, to linear at longei 0 10 20 30 40 50 60 70 80
times. The anomalous point at 64 h that falls on the dotted line in Time (hrs.)
Fig. 2b is noteworthy; its significance is discussed shortly. 4

A least-squares fit of the Arrhenius plotslgffor TizAIC,, yields | 55000 I B B S B B L L B B LN At B B

(b)

443,186(kJ/mol)

Ky, (m?/s) = 1.15X 10° exp — =T [11]

~N

The actual values are listed in Table | in Pattand plotted in Fig. 1100 °C

4h. Here again because of dissociation, the datum point at 1100°(
was excluded from the least-squares fit. From these results it is
apparent that JAIN, g is less oxidation resistant thansAIC,,
which in turn, is not as good as the 211 phases. Not surprisingly, anc
in total agreement with the Ti-aluminide literature, increasing the Al
content in the substrate enhances the oxidation resistance, presur
ably because the AD; content in the scales increases. Also not
surprisingly, the activation energies for,AIN, 4 and TEAIC, are
comparable to those of the 211 phases.

Included in Fig. 4b for comparison purposes arekhgalues for
TizAl available in the literaturé!® Despite the sporadic nature of
the latter, it is clear that thk, values for T;AIN, 4 are comparable
to those of TiAl. In contradistinction, the oxidation resistance of 0
TisAIC,, in significantly better than its binary counterpéFig. 4b). 0 20 60
The reason for this state of affairs is speculated on below. Time (hrs.)

In the 800-1000°C temperature range, the oxide scale thicknesses
that form on T}AIC, are thinner than, but morphologically similar Figure 13. Time dependence of layer thickness, formed on TJAIC,
to, the ones that form on JAIN, o At 800°C the oxide scalénot samples oxidized ata) 800 and 900°C, andb) 1000 and 1100°C. The
shown)is compact and dense, and quite protective. Even after 64 Hlashed lines represent Eq. 4 in text, plotted udingalues obtained from
at 800°C, the oxide scale is less than @ thick. In Fig. 13, the  least-squares fits of? vs. tcurves(not shown)at short timeg<20 h).
thickness of the scale that formed on the sample oxidized for 64 h at
1000°C was thinner than the one formed after the significantly
shorter oxidation of 25 h at the same temperature. It is more importhe oxjdation resistance of these ternaries and possibly the Ti-
tant, however, that this datum point appears to fall on the extensionyyminide intermetallics could be greatly enhanced.
of the parabolic kinetics line fit to the short time resufsg. 13b). A dramatic example of the type of microstructure that the repeti-
A comparison of the two microstructures, shown in Fig. 14a and b.tion of such a process yields is shown in Fig. 15. These micrographs
respectively, shed some light on the anomalous behavior of theye of a sample heated to 1100°C for 64 h, which resulted in a highly
sample oxidized for 64 h. The simplest explanation is that, for rea-ctriated microstructure in which AD,rich, TiOyrich, and P layers
sons that are not clear, the oxide layers shown in Fig. 14b remaine peat almost a dozen times. This is an important micrograph be-
dense and crack free, whille the outermost Iayers that formed after zéause it unequivocally proves thdt demixing is occurring, and is
h (Fig. 14a)must have microcracked at some time during the run. occurring repeatedly, andi) demixing is occurring by having the

Such cracks would introduce oxygen via a parallel path, not 3+ ; ; P
through bulk diffusion and enhance the oxidation kinetics. In other AI™" ons diffuse toward the hlgpoz side(in every layer, the A,

words, it is postulated that as the layers get thicker, stresses, prop@yer is adjacent to the highy, side). The latter is also seen clearly
ably sintering ones, are sufficient to micro- or even macrofracturein most of micrographs shown in this work; in most cases, the vol-
the layers allowing for a parallel path for oxygen to flow into the ume fraction of the AlO; islands or streamers in the outermost A
interior. Furthermore, and based on this and other evidence prelayers increase with timé.g., Fig. 12¢). To understand the atomis-
sented herein, it appears that the deviation from parabolic kinetictic mechanisms required for the striations to form refer to Fig. 16,
coincides with the onset of demixing; if the latter can be suppressedwhich is an SEM micrograph of a sample that was oxidized at

1000

Oxide Thickness (pm)

s v gy v a gl g aaa e aa b a0y

5
3
g

120
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188pm

188 m

188pm

Figure 15. Cross-sectional SEM micrographs of aAlC, sample oxidized
in air at 1100°C for 64 h(a) Secondary mode showing topography, &by
backscattered mode. Three layers, a bright (JAl,)O,_,, layer, a darker
Al,O5rich layer, and planes of porosities or P planes, repeat over 10 times.

188um

] ) ) ] to assume that the outermost layers, with their many fissures and
F'gt”? 14-,dc_fozsfse‘?t"){]i"oggcésfzit)tg;eﬂ SE(’j‘z'b)mézrﬂg?ﬁhs 9;33‘:0:& cracks, are less protective than if they had remained intact.
sample oxidized In air a ° , an . € oxiae layer . :
thickness for b is less than that for a, despite the significantly longer oxida- 2. _Thg k())verall Volumel fractlor_l of thleo A])3h.mhea0h segmle;rlﬂ
tion time for the formei(see text for details containe etween two P_ayers,zléo vol % which is comparable
to the theoretical vol fractio~20 vol %) expected from Reaction
10. The volume fraction in the ADs-rich segment of each striation

1100°C for 16 h. The top few layers are indistinguishable from the
ones described so far. However, in this sample, there is a fairly thick
(=300pm) D layer, comprised of a fine two-phase mixture 05®@4

and TiO,. The ALO; particles are not visible at the magnification of
Fig. 16, but are discernable at higher magnificatiora shown). As

the oxidation proceeds, th®,, within the P layers must increase to
some value at which demixing can ocdite., the condition given

by Eq. 2 in part t is reached), at which time the ®l ions diffuse
toward the highpo2 side and precipitate as &);. To do so, the
Al,O; particles in layer D must dissolve at the Iqmb2 side and
eventually reprecipitate at the higﬂa;z side. This process must also
form vacancies that diffuse inward and ultimately precipitate along a
plane, viz. the P planes. As noted above, these P planes prevent t
further migration of AF* outward, which is why the AD; particles

are invariably clustered at the higirb2 side of each segment con- el T
tained between two P layers. The evidence for this hypothesis is It
multifold, and includes

1. The change in oxidation kinetics at around 16-ty. 13)from Figure 16. Cross-sectional backscattered SEM micrographs of ,AlT),
parabolic to a faster oxidation rate. Based on Fig. 15, it is reasonableample oxidized in air for 16 h at 1100°C.
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Figure 17. Cross-sectional backscattered SEM micrographs of a region near

the oxide/substrate interface of aAIC, sample oxidized in air for 64 h at 1/T (K)1
1100°C. The topotactical nature of the decomposition that results ipnan@
Al is obvious in some of the grains. Figure 18. Arrhenius plots for the diffusion of Al in rutile determined from

this work. Also included are the results of Yan and Rhodes.

is 50 vol%. In other words, after demixing, the 20 vol %,®4
within each lamella is redistributed and concentrates at the fiigh Repeating the same exercise using some of the micrographs
side. shown for the 211 phases yields a second series of points that are
3. Such a hypothesis is the simplest way to explain how thelower than the firstFig. 18). At face value, these results are some-
microstructure shown in Fig. 16 is transformed into the one shownWhat surprising, since the diffusivity is ostensibly occurring in the
in Fig. 15. It is difficult to conceive of another scenario whereby a Same matrix.e., Al,Os-saturated Ti@, in all cases. The most likely
homogeneously distributed two-phase mixt(legrer D in Fig. 16)is explanation for the discrepancy is that in the case @AIN, o and
transformed to the heterogeneous striated strucfige 15). Ti;AIC,, the resulting matrix is not fully dense and other parallel
The same decomposition reaction observed at 1100°C indiffusion paths, in addition to bulk diffusion, such as grain bound-
Ti,AIN, ¢ also occurs in BAIC, (the decomposition temperature in  ary, surface, are operative. This is an important observation, and is
Ar is >1400°CG®). Once again, this somewhat complicates the se-the most probable explanation for the differences,irbetween the
guence of events leading to the formation of the oxide layers, but invarious ternaries. For reasons that are not clear, the scales that form
this case does not seem to greatly affectkthgalues. Nevertheless, on the 211 phases must be denser than those that formsAICYj
as noted above, the least squares fk,0fEq. 11)exclude the datum  which in turn are denser than the ones that form QAAIN, . This
point at 1100°C. It is important to note, however, that the end phasesonclusion is corroborated by much of the microstructural evidence
are identical, with or without dissociation. Furthermore, the decom-shown in this work. Further evidence for the fact that the aforemen-
position occurs topotactically by having the Al diffuse out of the tioned porosity affects the oxidation kinetics can be gleaned by com-
basal planes. This is shown in Fig. 17 in which some grains areparing the oxidation behavior of Ti, the Ti-Al intermetallics, and the
clearly dissociated while maintaining their original shape. Given ternary compounds. The oxygen diffusivities determined from tracer
that this is one of the preferred modes of reaction fQSi,,2°%* experiments on fully dense rutile samples are about two orders of
these results are not too surprising. magnitude lower than those determined from oxidation experiments,
A collateral benefit of this work, and important independent evi- be they on Ti, the ternaries studied here, or Ti-aluminide intermetal-
dence that Al is indeed diffusing in TiQis the possibility of esti-  lics (see Fig. 3, Part').
mating the diffusivity of Al, Dy, in TiO,, by measuring the width of Some final comments are in order. The, MAIX, phases have
the C layersj.e., (Ti,_,Al,)O,_,,,, after a given oxidation time. several exceg_t{gnal and mechanical properties, especially at higher
Since the B layers form from the C layers, the width of the latter cantemperatures®in some cases, they rival the commercially avail-
be used to crudely estimate¥ For example, in Fig. 11b, the width  able Ni-based superalloys, especially considering that the densities

of the C layer after 16 h at 1000°C 48120 wm. This translates to a  ©f the ternaries are roughly half the latter. The results presented in
Dy of (~x2/2t) of ~1.25% 10~ 3m%s. An Arrhenius plot of the this series of papers, however, make it clear that, before their poten-

I1ia| can be fulfilled, their oxidation resistance has to be enhanced,
especially afT > 1000°C. In this respect, they are not unlike the
Ti-aluminide intermetallicS. The key here, as it is for the interme-
tallics, is to so tailor the chemistry and, possibly microstructure,
guch that an AlO; protective layer forms on the surface. In contrast
to the Ti-aluminides, however, one advantage that the MIX,, do
possess is that, at least up to 100 h, there is little evidence that they
dissolve any measurable concentrations of oxygen, and conse-
quently, are immune from the embrittlement such dissolution engen-

ders in the Ti-aluminide intermetallics.

¢ Not all micrographs can be used to estimajg. Owo criteria used were that there
be only one C layer, and that the oxidation had proceeded for a while. A good example Conclusions
is Fig. 11a, in which a wide C layer that formed after 16 h is clearly visible. This layer
must have forr_ned in less than 16 h, and thu§, the \_/alues reported here are slightly lower The oxidation of reaction HIP polycrystalline samples QﬂTC,
than actual. It is important to note that even if the time was, for example, halved to 8 h,__. . . . L o
that would alter D by a factor of 2, which considering the scale of Fig. 18, and the crude 112AIC o sNo 5 TisAIN2 6 and TBAIC, in air, in the 800-1100°C
approximation made to calculate,Dis almost within the noise level. range occurs by the inward diffusion of oxygen and the outward

temperatures and times, for bothyAIC, and TRAIN , g is shown in
Fig. 18. Also included in Fig. 18, are the literature results for the
diffusivity of Al in rutile samples?? The agreement between the two
sets of results is excellent, especially considering the crude metho
used to estimate the Jpused here. And while this does not prove
that Al is diffusing through TiQ, it certainly is consistent with that
notion.
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diffusion of Al and Ti ions through a rutile-based solid solution, viz.,
(Tiy—yAly) O,y in whichy < 0.05. The fate of the C and/or N is

unknown, but is presumed to diffuse outward through the layers and >

oxidize. If the Po, is relatively low, both oxides can coexist. How-
ever, as the oxidation proceeds and fhg increases, demixing oc-

curs with the AjO; migrating to the higzghpo2 side. This process 4,

occurs by the dissolution and reprecipitation of,@d particles
through the (Ti_,Al,)O,_y,, matrix and results in the formation of

5
- / : - ) X 6.

layers of high porosity. The final microstructure is characterized by 7.
8. M. P. Brady, B. A. Pint, P. F. Tortorelli, I. G. Wright, and R. J. Hanrahan, Jr., in

the presence of multiple striated layers in which layers of ,JTiO
almost totally denuded of AD,, alternate with AJOs-rich layers

and layers of porosity. The onset of demixing coincides with the ¢

deviation of the oxidation kinetics from parabolic to linear. The
microstructural observations are in agreement with the model pre-
sented in Part },in which it was concluded that the diffusion of O
and/or Ti through the (Ti,Al,)O,_,, layer is rate limiting.

Both Ti,AIN, g and TEAIC, decompose in air at 1100°C into Al
and the TiN or TiC, just below the oxide layers that form. This

decomposition, which occurs topotactically, does not affect the final; 3
morphology or the sequence of the layers that form, but slightly 14.
15.
16.

affects thek, values, especially for TAIN, .
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